Pseudomonas coronafaciens causes halo blight on oats and is a plant quarantine bacterium in many countries, including the Republic of Korea. Using of the certificated seed is important for control of the disease. Since effective detection method of P. coronafaciens is not available yet, PCR and TaqMan PCR assays for specific detection of P. coronafaciens were developed in this study. PCR primers were designed from the draft genome sequence of P. coronafaciens LMG 5060 which was obtained by the next-generation sequencing in this study. The PCR primer set Pc-12-F/Pc-12-R specifically amplified 498 bp from the 13 strains of P. coronafaciens isolated in the seven different countries (Canada, Japan, United Kingdom, Zimbabwe, Kenya, Germany, and New Zealand) and the nested primer set Pc-12-ne-F/Pc-12-ne-R specifically amplified 298 bp from those strains. The target-size PCR product was not amplified from the non-target bacteria with the PCR and nested primer sets. TaqMan PCR with Pc-12-ne-F/Pc-12-ne-R and a TaqMan probe, Pc-taqman, which were designed inside of the nested PCR amplicon, generated Ct values which in a dose-dependent manner to the amount of the target DNA and the Ct values of all the P. coronafaciens strains were above the threshold Ct value for positive detection. The TaqMan PCR generated positive Ct values from the seed extracts of the artificially inoculated oat seeds above 10 cfu/ml inoculation level. PCR and TaqMan PCR assays developed in this study will be useful tools to detect and identify the plant quarantine pathogen, P. coronafaciens.
Halo blight, an important disease of the oats is caused by Pseudomonas coronafaciens (Elliott, 1920; Young et al., 1978) and occurs in relatively cool and moist climates leading to substantial economic losses (Marten et al., 1984) . It produces light green, oval spots on the leaves of the plant with dark water-soaked centers (Marten et al., 1984; Harder and Haber, 1992; Wallwork, 1992) . P. coronafaciens survives on plant debris, soil and seeds (Martens et al., 1984) . One of the effective control measures of the disease is prevention of pathogen transfer to the other plants using of the certificated seed (Collins, 2010) . Also, P. coronafaciens is a plant quarantine bacterium in many countries, including the republic of Korea. For the certificated seed program and plant quarantine, the specific and effective detection method must be available.
Various tests can be used to detect the seed-borne pathogens, such as plating on selective media, ELISA, seedling grow-out tests, PCR, real-time PCR and DNA microarrays (Walcott, 2003) . Among these techniques, plating on selective media and seedling grow-out tests are laborious and time-consuming and the PCR assay is more sensitive and time-saving than ELISA (Cho et al., 2010) . In particular, the TaqMan PCR assay, which detects microorganisms quantitatively with a TaqMan probe, has been shown to be successful in detection and identification of seed-borne pathogens (Bella et al., 2008; Schena et al., 2004; FinettiSialer and Ciancio, 2005) . For P. coronafaciens, however, effective detection method from oat seeds is not available. Any PCR assay for the specific detection of P. coronafaciens has not been published yet.
In this study highly specific PCR and TaqMan PCR assays for detection of P. coronafaciens have been developed. For development of the P. coronafaciens -specific PCR assays, information for the unique nucleotide sequence of P. coronafaciens must be available. Since there are not many gene sequences of P. coronafaciens available in the GenBank, in the present study, next-generation sequencing analysis was used to obtain a whole draft genome *Corresponding author. Phone) +82-43-261-2554, FAX) +82-43-271-4414 E-mail) jscha@cbnu.ac.kr An et al. 26 sequence of P. coronafaciens. From the genome sequence, PCR primers were designed for the PCR and TaqMan PCR assays which were specific for the P. coronafaciens.
Materials and Methods
Bacterial strains and cultures. Strains of P. coronafaciens isolated in Canada, Japan, United Kingdom, Zimbabwe, Kenya, Germany and New Zealand were obtained from LMG (Belgian Coordinated Collection of Microorganisms, Laboratory of Microbiology, University of Gent, Belgium) and from KACC (Korean Agricultural Culture Collection, Rural Develpoment Administration, the Republic of Korea). For the non-target bacteria, strains related to P. coronafaciens in genus Pseudomonas or the representative strains of common plant pathogenic bacteria in genus Acidovorax, Pectobacterium, Ralstonia, Rhodococcus, Xanthomonas, and Clavibacter were collected from the various culture collections (Table 1 ). The bacteria were routinely grown in nutrient agar media containing 8 g of Genome sequencing and PCR primer design. Whole genome shotgun sequencing of P. coronafaciens LMG 5060 was performed using the Roche/454 pyrosequencing method on a genome sequencer with FLX titanium (Margulies et al., 2005) . ORF prediction was performed with Glimmer v. 3.02 (Delcher et al., 2007) , Prodigal (Hyatt et al., 2010) , and GeneMark.hmm-P (Lukashin and Borodovsky, 1998) .
ORFs from the draft genome sequence of P. coronafaciens LMG 5060 with more than 500 base pairs were BLASTed in the gene bank. To design the primers, candidate ORFs were selected from the ORFs with lower than 80% nucleotide homology to any known genes. The PCR primers were designed with Primer 3 (v. 0.4.0). The specificity of the primers for P. coronafaciens was analyzed by PCR. Nested primers and the nucleotide sequence for the TaqMan probe were designed from amplicon sequence of P. coronafaciens-specific primers. All the primers and the TaqMan probe used in the study were synthesized by Bioneer Co., Ltd (Daejeon, Korea) or NeoProbe Co., Ltd. (Daejeon, Korea). The TaqMan probe was labeled at the 5ʹ end with FAM and at the 3ʹ end with TAMRA.
PCR and TaqMan PCR assays. The genomic DNA was extracted from the bacterial cells using the GeneAll Exgene TM Cell SV kit (GeneAll Biotechnology, Seoul, Korea) according to the manufacturer's protocol. DNA concentrations were determined with a Qubit TM fluorometer (Invitrogen ® , Carlsbad, CA, USA). The PCR assays used 1 µl of template DNA in a 25 µl reaction mixture containing 2 mM of Tris-HCl (pH 8.0), 10 mM of KCl, 10 uM of EDTA, 100 uM of DTT, 0.05% Tween 20, 0.05% Nonidet P-40, 5% glycerol, 2.5 mM of dNTP, 5 units of Ex Taq DNA (TaKaRa Bio Inc., Shiga, Japan), and 10 pM of each primer. The reactions were performed in a T Gradient Thermal Cycler (Biometra, Göt-tingen, Germany) programmed for one cycle of 10 min at 95°C, followed by 35 cycles of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C, with a final extension step for 7 min at 72°C. The amplicons were analyzed by electrophoresis in a 2% agarose gel in TAE buffer.
The TaqMan PCR assay was carried out using 2 μl of DNA template, 8.5 μl of Premix Ex Taq (TaKaRa Bio Inc., Shiga, Japan), 1 μl of TaqMan probe (10 pmoles/μl), 0.5 μl (10 pmoles/μl) of each nested primer, and 12.5 μl of DEPC-DW (Bioneer, Daejeon, Korea). Real-time PCR amplifications were performed in a Smart Cycler TM System (Cepheid, Sunnyvale, CA, USA) with 40 cycles at 95°C for 30 sec and 60°C for 20 sec after initial incubation for 30 sec at 95°C.
Oat seed preparation and extraction. Prior to inoculation, the oat seeds (cultivar Samhan, provided by the National Honam Agricultural Experiment Station in Korea) were surface sterilized by soaking in 70% ethanol for 30 minute and 1.2% sodium hypochlorite solution for 1 hour. The oats seeds were washed 3 times with sterilized water and dried completely in clean bench. Twelve grams of the surface-sterilized oat seeds were artificially inoculated by shaking (120 rpm) in 45 ml of P. coronafaciens LMG 5060 suspension for 24 h. The seeds were dried by leaving them in a clean bench for 20 h. The bacterial pathogen was extracted from the artificially inoculated oat seeds as described previously (Maes et al., 1996) . The seeds (12 g) were shaken in 12 ml of cold aqueous saline (0.85% NaCl) containing a drop of Tween 20 for 5 min on a rotator shaker (180 rpm) at room temperature. The extracts were treated at 95°C for 7 min and used in the PCR assay or stored at -20°C.
Results
Primer and PCR specificity. To obtain specific primers of the P. coronafaciens, the draft genome sequence of P. coronafaciens LMG 5060 was constructed by genome shotgun sequencing in this study. The draft genome sequence was deposited at NCBI GenBank (accession number: JSED00000000). The 36 primer sets were designed from the ORFs in total 2028 contigs which showed low homology to that of known genes in GenBank and the primer specificities for P. coronafaciens were checked by PCR assays with target and non-target bacterial strains. Among the primers tested, the Pc-12-F (5ʹ-GATTGCGTCATATGCAACAT-3ʹ) and Pc-12-R (5ʹ-AATAGCAGATCCAGCCAAAG-3ʹ) primer sets amplified a 498 bp in all 13 strains of P. coronafaciens (Fig. 1) , whereas target-size DNA was not amplified in non-target bacteria, including 30 P. syringae pathovars, 3 P. savastanoi pathovars, and 16 other pathogenic bacteria (Fig. 2) . The nested primers, Pc-12-ne-F (5ʹ-AACGACGGGCTGCAGTTTAT-3ʹ) and Pc-12-ne-R (5ʹ-AACGTGATAGCAGCCCCACT-3ʹ), were designed from the Pc-12-F/Pc-12-R amplicon. The PCR assay was conducted with the Pc-12-ne-F/Pc-12-ne-R nested primer set and genomic DNA amplified the 298 bp in all 13 strains of P. coronafaciens (supplement Fig. 1 ), whereas targetsize DNA was not amplified in any non-target bacteria, including 30 P. syringae pathovars, 3 P. savastanoi path- TaqMan PCR specificity. To reduce the rate of false-positives and quantitatively detect P. coronafaciens, a TaqMan probe, Pc-taqman (5ʹ-TGAAACCGCCGAAACGGTCT-3ʹ), was designed from the sequence of the Pc-12-ne-F/Pc-12-ne-R amplicon. The real-time PCR with Pc-12-ne-F/ Pc-12-ne-R and Pc-taqman generated Ct values in a dosedependent for 10 ng-10 pg of P. coronafaciens LMG 5060' genomic DNA. The r 2 of the linear regression was 0.994 (Fig. 3A) .
The specificity of the TaqMan PCR was checked with the target and non-target bacteria. In the TaqMan PCR assays, 10-fold diluted DNAs (10 ng to 10 pg) of P. coronafaciens LMG 5060 were used as standard, and 10 ng of DNAs of the other bacterial strains were used. The Ct values of the 13 P. coronafaciens strains were 22-28 cycles ( Fig. 3B and Table 2 ), whereas the average Ct values of the DNA of 49 non-target bacterial strains were more than 37 cycles ( Table 2 ). The Ct values of the target and non-target bacteria were well separated into two different groups.
TaqMan PCR detection of P. coronafaciens from the artificially inoculated oat seeds. The TaqMan PCR assay developed in this study was applied to detect P. coronafaciens from the oat seeds. Since the seeds naturally infested with the pathogen were not available, the artificially inoculated oat seeds were used. TaqMan PCR with the seed extracts generated a range of mean Ct values from 21.2 for 10 8 cfu/ml-inoculated seed extracts to 32.2 for 10 cfu/mlinoculated seed extracts (Table 2 ). Since Ct values of all the non-target bacteria used in this study were larger than 37 cycles, the TaqMan PCR can detect P. coronafaciens from the seed extract of the artificially inoculated oat seeds above 10 cfu/ml inoculation level.
Estimation of the recovery number of P. coronafaciens from the artificial inoculated seed extract was tried with several different ways, but the accurate enumeration of P. coronafaciens from the seed extract failed because the many non-target-shape colonies were cultured on the culture plate and the selective medium for P. coronafaciens was not available. Surface sterilization of the oat seeds prior to artificial inoculation could not prevent growth of some non-target bacteria on the recovery culture plates.
Discussion
Highly specific PCR and TaqMan PCR assays have been developed in this study to detect P. coronafaciens, the halo blight pathogen of oats. Since P. coronafaciens is a plant quarantine bacterium in many countries and using of the certificated seed is important for the disease control, developments of these assays are significant for the management of halo blight of oats.
To obtain specific primers of the P. coronafaciens, a genome-wide search was conducted from the draft genome sequence of P. coronafaciens which was constructed by genome shotgun sequencing in this study. A specific primer, Pc-12-F/Pc-12-R, was designed from ORF 7 in contig 7 of the draft genome sequence of P. coronafaciens (NCBI GenBank accession number: JSED00000000). ORF 7 was 1341 nucleotides long, and no significant homologous gene was found in the NCBI GenBank database. PCRs with Pc- 12-F/Pc-12-R and Pc-12-ne-F/Pc-12-ne-R generated the target size DNA from all 13 strains of P. coronafaciens isolated in seven countries. The target-size DNA was not amplified in 49 strains of non-target bacteria. The Ct values of the target and non-target bacteria were well separated in the TaqMan PCR. The homology of the ORFs in which PCR was designed and the results of the PCR and TaqMan PCR indicate that the primer sequences and PCR assays developed in this study are highly specific to P. coronafaciens.
TaqMan PCR was applied to detect the target pathogen from artificially inoculated oat seeds. TaqMan PCR generated the P. coronafaciens-positive Ct values in the seed extracts obtained from oat seeds inoculated in 10 cfu/ml and above. Although detection sensitivity of this TaqMan PCR cannot compared to the previously published results because detection of P. coronafaciens from oat seeds has not been published, positive detection of the seed extracts obtained from oat seeds inoculated in 10 cfu/ml P. coronafaciens LMG 5060 suspension and above is thought to be a quite high sensitivity and can apply to seed test and plant quarantine service.
